Abstract-Energy storage systems (ESS) have emerged to play an increasingly important role in modern, complex electricity grid systems due to their potential to balance power supply and demand. Furthermore, ESS systems offer the potential to smooth out electricity supply from variable sources such as wind and solar power. Beyond the technical value they bring to the design and operation of modern power systems, ESS also offer the potential to create economic value to owners through many use cases such as demand charge reduction through peak load shaving, and energy arbitrage, also known as time-of-use shifting. The potential to achieve widespread adoption of ESS systems is largely dependent on demonstrating value to would-be consumers. In this study, the value of one potential use case for ESS systems -"behind-themeter" energy storage for buildings -is explored. Specifically, this value is explored through the lens of a case study of an academic building located on the Stellenbosch University campus in Western Cape, South Africa.
I. INTRODUCTION
In recent years, energy storage systems (ESS) have received a lot of research and development attention due to their enormous potential to solve numerous electricity grid related challenges and provide economic value to consumers. The push to develop efficient, reliable, and affordable large-scale energy storage solutions has gained momentum as there has been significant growth in intermittent renewable energy generation capacity additions to electricity grids worldwide, and as, where balancing power supply and demand is increasingly critical. This has been met with aggressively falling cost of energy storage worldwide, particularly lithium-ion batteries [1] . In addition to improved technology and falling costs of energy storage, there has also been the development of improved control algorithms to optimally add value for various use cases of energy storage, including both "behind-the-meter" and "infront-of the-meter" applications [2] . For behind the meter applications specifically, energy storage can provide value by reducing electricity costs through peak shaving/shifting and/or time-of-use arbitrage. Quantifying this value and demonstrating it to would-be consumers is critical if widespread adoption of energy storage technology is to be achieved. This study aims to contribute to this effort by exploring the best-case value of energy storage deployed to an academic building in South Africa. It also aims to highlight another benefit of a behind-themeter ESS; the potential to mitigate financial viability risks because of potential future tariff structural changes II. ENERGY SITUATION IN SOUTH AFRICA Electricity prices in South Africa have increased significantly over the past decade, as can be seen in Figure 1 . The figure compares inflation with the annual standard tariff increases approved by the National Energy Regulator of South Africa (NERSA), as well as South Africa's national utility Eskom's actual average annual tariff increase, calculated as total annual electricity sales revenue divided by total annual GWh sales. These significant price increases, combined with rolling load-shedding starting in 2008 and again for a period in 2015, resulted in an increased awareness and implementation of energy efficiency measures, and stimulated the growth of privately owned distributed generation (DG) systems. Energy efficiency, DG and other factors like decreasing economic growth is responsible for flat to decreasing Eskom annual energy sales and peak system demand, as shown in Figure 2 .
Decreasing energy sales are eroding Eskom's profitability, especially given that Eskom's operating expenses are growing due to a power station new-build program amongst other factors. Eskom's total number of employees and net financing costs have for example increased from 28,938 and R1.304 billion in 2003 [6] to 47,658 and R14.377 billion in 2017 [3], equivalent to $108 million and $1.196 billion USD at current exchange rates.
III. TARIFF UNCERTAINTY RISK MITIGATION
One of the ways in which Eskom could increase its profitability is to increasingly decouple its revenue stream from energy sales, in favor of higher fixed cost and demand charge components. Such tariff structural adjustments would ideally more accurately reflect Eskom's actual generation, transmission and distribution costs. An assumption is made that these adjustments would be approved by NERSA and that metering infrastructure will be upgraded to support it.
From a customer's perspective, any tariff structural adjustments that decrease the cost of the energy component will however impact the financial viability of DG. Especially PV systems' financial viability / payback period is mainly a function of the avoided utility energy cost realized through selfgeneration of energy. PV systems contribute very little to reducing the peak demand of the customer as seen by the utility, and obviously contributes nothing to reducing the fixed cost part of a customer's electricity bill. Because PV systems are restricted to mainly delivering financial value to a customer through energy generation, an investment in PV exposes the customer to financial viability risk as a consequence of future tariff structural changes.
Installing a behind-the-meter ESS can mitigate the financial viability risk due to such future tariff structural changes, as the ESS can be repurposed easily through a change in control software to continue to generate value in the new tariff regime.
IV. DESCRIPTION OF THE CASE-STUDY BUILDING
For the purposes of this paper the financial viability of a behind-the-meter ESS is simulated using a typical academic building as case-study. The building used in this case study is the Knowledge Centre at the faculty of Engineering within Stellenbosch University, South Africa, shown in Figure 3 . Two of the building's four stories are occupied by the Engineering Library, while the third floor hosts several lecture halls and the fourth-floor hosts offices and student computer laboratories. The building is supplied by a central HVAC system rated at 290kW with the majority of the remaining loads consisting of lights, computer workstations and one lift. The kWh data on which this paper is based was measured at two points and recorded at 30-minute intervals: the supply to the Knowledge Centre, and the output from a 22.5kWp PV array that is located on the roof of the Knowledge Centre, and that feeds into the Knowledge Centre after the meter.
V. METHODOLGY
The model is designed to evaluate the economic benefit of large-scale "behind-the-meter" energy storage for large commercial or industrial buildings. As inputs, the model takes in an annual load profile for a building and a given electric utility tariff rate structure. In this particular case study, the load data is actual metered load data from the building being analyzed. This load data includes the profile for an entire calendar year (2016) in thirty-minute timesteps.
For a given storage capacity (kW), storage time (hours), and ESS roundtrip efficiency, the model determines an optimal daily ESS charge/discharge profile to maximize cost-savings. If the utility tariff includes demand charges and/or time-of-use pricing, cost-savings are obtained by reducing demand peaks and shifting time-of-use to periods when the price of electricity is lower. The ESS is modeled as a load, additional to the building's, which has a positive power draw during charging, and negative power draw during discharge. Figure 4 illustrates the model. The total draw from the electric grid at any time is then the sum of the consumption of the ESS and the consumption of the building. This is repeated for each day in the year. Note that this particular building includes a 22.5kWp photovoltaic (PV) array installed on the roof, which is also metered. Therefore, the total building consumption (with no ESS) is the sum of the consumption drawn from the grid and that provided by the PV array. Simulations were run for two input load profile scenarios, the first, consisting of the total building consumption (grid + PV), and the second, consisting of the building consumption from the grid alone (excluding PV). The first scenario can be thought of as a scenario where the building does not have a PV array and draws all required power from the grid. Hence the optimizer optimizes the ESS charge/discharge profile to minimize the cost of the total building consumption which all comes from the grid. In the second scenario, the optimizer optimizes the ESS charge/discharge profile to minimize the cost of only the portion of the building's consumption which comes from the grid. This allows for a comparison of the economics of three situations: the building with no ESS or PV, the building with just ESS, and the building with both ESS and PV.
The modeled cost of electricity to the building in any given 30-minute period (optimization timestep) is then given by Equation 1:
Where EC is the per kilowatt-hour energy charge, kWh is the total energy used in the given period in kilowatt-hours, DC is the per kilowatt demand charge, and kWmas is the maximum power draw in kilowatts. Each day is subdivided into forty-eight thirty-minute time segments. The average net power draw in each period is the sum of the power draw of the building and the power draw of the ESS. This is given by Equation 2, where η is the ESS roundtrip efficiency which for simplicity is taken as 1 during charging and 0.80 during discharging. Roundtrip efficiency of 0.80 is a representative figure for state-of-the-art ESS systems [7] .
The cost function is then fed into an optimization algorithm that optimally sets the ESS charge/discharge/idle schedule on a daily basis to minimize the cost subject to the following three constraints: 1. The total accumulated energy stored in the ESS at any time cannot exceed its capacity. 2. The total accumulated energy stored in the ESS at any time is greater than zero. 3. The power discharged from the ESS at any time cannot exceed the power demand of the building. The actual metered building load profile from 2016 was obtained from Stellenbosch University, and the 2016/2017 Stellenbosch Municipality electricity tariff for medium voltage industrial customers was used [8] . The optimization was run parametrically for several ESS capacities (kW) and storage times (hours). Storage capacities of 3 kW, 14 kW, 57 kW, and 170 kW (roughly corresponding to 1%, 5%, 20%, and 60% of the building's peak load) were simulated. For each capacity, storage times of 1, 2, 4, and 6 hours were simulated.
VI. RESULTS
The ESS size is set by the capacity (kW) and storage time (hours). Several combinations of capacity and storage time were investigated, and the economics, namely the annual savings due to demand charge reduction were explored. Two load profile scenarios were studied: the first, consisting of the total building consumption (grid + PV), and the second, consisting of the building consumption from the grid alone (excluding PV). The first scenario can be thought of as a scenario where the building does not actually have a PV array and draws all required power from the grid. Hence the optimizer optimizes the ESS charge/discharge profile to minimize the total building consumption which all comes from the grid. In the second scenario, the optimizer optimizes the ESS charge/discharge profile to minimize only the portion of the building's consumption which comes from the grid, with the balance provided via the PV array.
A. Economics
It was found from the results of the optimization that the most economical ESS sizes based on annual savings per kWh of ESS deployed were the smaller capacities and storage times. Of all the combinations of ESS size studied, the most economical was the 3 kW, 1 hour of storage system. For each ESS kW capacity studied, the most economical size was 1 hour of storage. Table 1 and Table 2 show summaries of the resulting economics for each kW capacity studied for scenario 1 and 2 respectively, for the 1, 2, and 6 hours of storage configurations. For both scenario 1 and 2, the most economical ESS configuration in terms of savings per kWh of ESS was 3 kW, 1 hour, which results in savings of $211/kWh and $224/kWh respectively for scenario 1 and 2. This configuration resulted in total annual savings of $633 and $672 respectively for scenarios 1 and 2, a percentage savings of 0.67% and 0.75% respectively off the annual electric utility spend. For each scenario, the configuration providing the greatest annual total dollar savings was the largest ESS size, an expected result. For example, the 170 kW, 2 hours ESS resulted in total savings of $11,030 for scenario 1, or 11.7% of the annual electric utility spend. Across the board, the economics for scenario 2 were more favorable than scenario 1. This is an interesting result because it indicates that the economics of just the ESS alone are made more favorable with the pairing of the PV array. However, this does not speak to the combined economics of the ESS and PV array, which is not analyzed here.
The results in Table 1 and Table 2 allow for some interesting payback analyses. For example, for the 3 kW, 1 hour ESS configuration which provides annual savings of $211/kWh and $224/kWh respectively for scenario 1 and 2, assuming a compound interest rate of 5%, the building owner/operator can afford to spend up to $913.52/kWh or $969.80/kWh to achieve a 5-year payback period for scenario 1 and 2 respectively. These are generous amounts, considering the rapidly falling price of ESS systems today [9] . 
B. Daily Load Profiles with and without ESS
In addition to the economics of the ESS, it is also interesting to examine the net daily load draw from the grid profiles with and without ESS. To do so, representative summer and winter daily load profiles for scenario 1 and 2 were plotted for the case with no ESS used, and then the 1 hour of storage configuration of each ESS kW capacity studied. These are shown in Figure 5 and Figure 6 respectively for scenario 1 and 2. In both cases, the effect of the ESS system on the daily load profiles is clear. In general, the consumption peaks are reduced and shifted to other times of the day when consumption is much lower, effectively reducing the magnitude of demand charges. The larger the ESS size, the larger the amount of consumption is shifted to non-peak periods. It is interesting to note that consumption is much higher for the summer day than it is for the winter day. This is largely due to air-conditioning loads, as Stellenbosch experiences very hot summers, but mild winters.
A potential positive side benefit of ESS deployment and use is that as shown in Figure 5 and Figure 6 , the ESS helps to smooth the net draw from the grid. The larger the ESS, the greater this effect and the smoother the net profile. This is evidenced by the 170 kW curve which is essentially flat between the hours of 7 AM and 5 PM.
C. Ideal versus real-time control strategies
The methodology used in this study optimizes a known daily demand profile, and as such can find the optimal ESS charge/discharge strategy. The financial viability results for such an ESS system therefore also represents the ideal or best case.
In contrast a real-time ESS control strategy does not know in advance when the best time would be to charge / discharge, and must base its decisions on some form of demand forecasting, predefined thresholds etc. The inaccuracies and uncertainties introduced through this real-time control will necessarily reduce the financial viability of the ESS system.
VII. CONCLUSIONS
This study conducted an analysis to quantify the best-case economic value of building-deployed energy storage for buildings with a case study on an academic building in Stellenbosch, South Africa. An optimization model which takes inputs of a building's electricity load profile and local electric utility tariff data and determines how to optimally charge/discharge ESS of a given capacity (kW) and storage time (hours) to maximize annual savings was run on the building's load profile with and without contribution from the building's PV array. Up to 16% of the annual cost of electricity could be saved with deployment of ESS (for 170 kW, 6-hour system).
For the specific load profile simulated here (representing a typical South African academic building), it was found that on the basis of savings per kWh of deployed storage, smaller capacity and storage time are most economical, with a 3 kW, 1 hour of storage system being the most economical ESS size studied. It was also found that pairing of ESS with PV results in more favorable economics for the ESS. For the 3 kW, 1 hour of storage ESS size, favorable payback periods of less than 5 years can be achieved with current ESS costs in an ideal scenario.
